Increasing demand for sustainable chemicals and fuels has pushed academia and industry to search for alternative feedstocks replacing crude oil in traditional refineries. As a result, an immense academic attention has focused on the valorisation of biomass (components) and derived intermediates to generate valuable platform chemicals and fuels. Zeolite catalysis plays a distinct role in many of these biomass conversion routes. This contribution emphasizes the progress and potential in zeolite catalysed biomass conversions and relates these to concepts established in existing petrochemical processes. The application of zeolites, equipped with a variety of active sites, in Brønsted acid, Lewis acid, or multifunctional catalysed reactions is discussed and generalised to provide a comprehensive overview. In addition, the feedstock shift from crude oil to biomass involves new challenges in developing fields, like mesoporosity and pore interconnectivity of zeolites and stability of zeolites in liquid phase. Finally, the future challenges and perspectives of zeolites in the processing of biomass conversion are discussed.
Introduction
The limited supply of cheap petroleum has renewed the interest towards more sustainable energy sources like wind, solar and hydro technology. While these renewable energy sources have the potential to constitute an important part of the energetic matrix, the production of chemicals and fuels requires a renewable carbon source, such as biomass (Fig. 1) . Accordingly, these possibilities have sprouted a widely-varied research attention on the valorisation of various biomass resources (Fig. 2) .
Major streams of biomass are lignocellulose, lipids containing triglycerides from animal fats, vegetable origin and microalgae, and turpentine streams. Of these, lignocellulose, composed of cellulose, hemicellulose and lignin, represents the most abundant one. Finally, there is a smaller group of proteinbased fractions of animal or vegetable origin (Fig. 1) . 1, 2 The structural nature of these molecules determines the ultimate 
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transformation routes needed to convert them to useful fuels, chemicals and materials.
Three distinct modes of valorising the carbon content of biomass may be distinguished (Fig. 3) . The first mode represents biological transformations, exemplified by microbial or yeast-based fermentation processes, such as the commercial conversion of carbohydrate biomass into ethanol or lactic acid. [3] [4] [5] [6] [7] [8] The second mode is thermal, ranging from burning biomass for heat generation over gasification to biogas or liquefaction and pyrolysis to bio-oils. 9 The third mode encompasses all specific chemical and catalytic processes, which target a single chemical or narrow range of products, perhaps with the exception of catalytic fast pyrolysis (CFP). Zeolite catalysis plays a significant role in many of the chemical biomass conversion routes ( Fig. 2 and 3) . First, there is the concept of blending-in biomass fractions, pyrolysis oils or platform molecules into existing petroleum refinery operations. [10] [11] [12] Secondly, in CFP, either on platform compounds, such as glucose or furans, or raw biomass feedstock, zeolites have proven promising efficiency. [13] [14] [15] [16] Thirdly, specific liquid phase catalytic processes have been proposed, where zeolites contribute in converting raw biomass feedstock. The last, and most documented use of zeolites in biomass valorisation, is found one-step down from the raw or pretreated feedstock in Fig. 1 , namely in the upgrading of bio-derived platform molecules to fuels, chemicals and materials by specific transformations. In general, these processes target the on-purpose synthesis of one final product or intermediate from a biomass-derived (platform) molecule. 10, 12, [17] [18] [19] [20] [21] [22] [23] [24] [25] The wide-scale application of zeolites in biomass conversion can be explained by their numerous positive attributes. Zeolites are aluminosilicates with a crystalline, microporous framework built from oxide tetrahedra. 26 Accordingly, zeolite crystals are highly porous, with precisely-defined micropores (0.4-1 nm).
Combined with the ability to load them with exchangeable cations makes them useful as adsorbents, molecular sieves, ion exchangers and catalysts. For example, since breakthrough work in the early 1960s, synthetic zeolites have become the most prominent heterogeneous catalysts in the refining and petrochemical industries. [27] [28] [29] [30] [31] In fossil fuel-based refineries, zeolite-based catalysts play a key role. 32 Of the different applications, fluid catalytic cracking (FCC), where the atmospheric crude oil distillation residue is transformed into automotive (gasoline) fuel components, represents in volume terms by far the largest zeolite consumption. Typical FCC catalysts are mainly comprised of ultra-stable zeolite Y (USY) combined with amorphous aluminosilicates as catalytically active matrix. The key catalytic parameters are the strength and density of the Brønsted acidic sites, which arise when protons neutralise the negative charge introduced by Al substitution in the framework. The presence of extra-framework Al (EFAl) species in USY zeolites, generated during the steaming process, was shown to positively affect the cracking performance. Next to improving the Brønsted acidic function, EFAl is also a source of Lewis acidity, a second prominent zeolite function. Besides EFAl, also the incorporation of heteroatoms in the zeolite structure creates Lewis acidic sites in the so-called zeotypes. TS-1, a titanosilicate of the MFI topology, is probably the most familiar example. These high-silica molecular sieves serve in the functionalisation of hydrocarbon derived base-chemicals, such as oxidation reactions. Newer examples for instance contain incorporated Sn, like in Sn-beta. [33] [34] [35] [36] [37] [38] [39] In the catalytic processes that follow FCC, the different fractionated oil and gas streams are further upgraded. Therein, zeolites play a crucial role, among others, in removal of functional groups via hydrotreating and hydroisomerisation processes, He heads a research group in the Centre for Surface Chemistry and Catalysis, designing heterogeneous catalysis for future challenges in the industrial organic and environmental catalysis. His expertise includes heterogeneous catalysis in biorefineries and the spectroscopic and kinetic study of active sites for small molecules activation.
alkylation, chlorination and oxidation. Hereby, besides monofunctional Brønsted acidic sites, also bifunctional or multifunctional catalytic properties are employed, usually by the addition of metallic nanoparticles. These particles can easily be introduced in zeolites with high metal dispersions, due to the ion-exchange capacity generated by the exchangeable nature of the charge-compensating cations, which afford a hydrogenation component after reduction. A fourth less-studied functionality is caused by the introduction of alkali metals providing the zeolite with basic properties.
Zeolites excel in catalytic processes starting from petroleum feedstock based on their strong and tuneable acidity, their microporous dimensionality (o2 nm, either in 1, 2 or 3D) allowing molecular traffic control and high reaction surface areas, their robustness and high thermal stability leading to easy regeneration at elevated temperatures, and finally, their adjustable nature so that they match the need of the desired chemical transformation. The latter is exemplified by the ease of engineering the pores, adjusting composition and crystal size or shaping them into a catalyst pellet. 40 Literature on the use of zeolites in petrochemical and refining industries is vast and many synthesis-property-function (spf) relations have been established. 41, 42 This stands in great contrast with the field of biomass, where, although zeolites are routinely applied, 32, 43, 44 tailor-made zeolite design remains at its infancy. In this contribution, we highlight the progress made in zeolite catalysed conversion of biomass and consider herein the most recognised concepts extrapolated from established petrochemical processes. This rationale structures the review into four prominent zeolite catalysis concepts with parallels to petrochemistry and two new challenges arising from the transition of fossils towards renewable feedstocks (Fig. 4 ). An insightful comparison between zeolite-catalysis in petrochemistry (and refining) and biomass conversion is presented, with details on how key zeolite concepts like strong Brønsted and Lewis acidity, multifunctional catalysis and shape-selectivity are transferred. One of the challenges is the intrinsic microporosity of the zeolites. As pores are too small to allow diffusion of large biopolymers, creation of a secondary level of porosity (mesopores) is profitable, enhancing number of accessible active sites. A second challenge regards the stability of zeolites in aqueous solutions. In contrast to the importance of a zeolite's steam-stability in the gas phase, the behaviour of zeolites in the condensed phase, such as hot liquid water (HLW), is quite distinct. Finally, the work is concluded and perspectives are discussed. While some clays give moderate yields, [49] [50] [51] [52] zeolites are used with more success [53] [54] [55] [56] [57] [58] due to their relative small channels and pores. 47 As the zeolite pores are already blocked at the beginning of the reaction due to cokes formation, 47 the isomerisation takes place solely at the entrance of the micropores (Fig. 5 ), making it a classic example of pore mouth catalysis. 47 Based on the pore geometry, ferrierite-based catalysts were established as superior catalysts, 53 especially for the formation of methyl MoBUFA, 59 while zeolites with larger pores (Y, USY and beta) mainly produce ethyl and propyl MoBUFA. 55 Deeper study showed that MoBUFA are only selectively produced when the Brønsted acid site speciation and density is optimized 59 (up to 85% selectivity). 53 For example, to suppress the formation of polymeric products on the acid sites at the outer surface of the zeolite, a small amount of bulky triphenylphosphine (TPP) base is added to the reaction mixture (Fig. 5) . 60 Although very elegant, it remains unclear whether the less-selective surface sites cannot be removed prior to reaction by acid-treatment of the zeolites. Higher temperatures with protonated zeolites allow C-C bond cracking [61] [62] [63] [64] [65] [66] forming gasoline and light naphtha fractions (with especially ZSM-5), diesel (with USY and beta), hydrocarbon gases (like C 3 -C 5 paraffins and olefins) and cokes, 64,67,68 the latter being particularly pronounced for the less selective largepore zeolites. Obviously, not only the zeolite structure but also the type and origin of the substrate influences the product distribution. Fats with only an alcohol function (fatty alcohols) produce more valuable products than fatty acids. 69 The presence of unsaturations in the alkyl chain affords more aromatic products than in case of saturated fats. 69, 70 Yet, it is preferable to prevent the extensive formation of aromatics as these have the tendency to undergo polymerisation reactions towards cokes. 10 Finally, triglycerides, being too bulky to easily access the micropores, display lower conversions and product selectivities than fatty acids or alcohols. 69 Accordingly, they first require thermal or catalytic decomposition prior to efficiently entering the zeolite micropores. However, these decomposition products Fig. 4 Concepts of zeolite catalysis found in biomass conversion, paralleled with petroleum-based processes.
Scheme 1 Isomerisation of oleic acid to isostearic acid. have higher tendencies to form condensation products, resulting in higher amounts of aromatics, heavy products and cokes.
As an alternative to direct cracking, fats and oils can firstly undergo deoxygenation towards pure hydrocarbons which can consequently be cracked in classic refinery units. 12, [71] [72] [73] [74] [75] [76] [77] [78] [79] (Catalytic) fast pyrolysis of lignocellulose and upgrading of pyrolysis vapours
As lignocellulose molecules are much bulkier than fatty acids, zeolite cracking of lignocellulose is always preceded by a pretreatment step, mostly a thermal degradation. One of the economically most interesting thermochemical pathways for lignocellulose degradation, besides liquefaction, is a catalystfree fast pyrolysis of dry biomass. [80] [81] [82] During fast pyrolysis, the biomass substrate is rapidly heated up to 400-600 1C for short residence times (1-2 s). 9 Afterwards, it is quickly cooled down whereby a thermally unstable black liquor, called bio-oil, is formed, containing up to 300 different compounds. 83 However, the obtained bio-oil is not compatible with conventional liquid transportation fuels like gasoline and diesel due to the high oxygen content. Therefore, zeolite-based processes play an important role to extensively adjust the characteristics of bio-oils to become compatible with conventional transportation fuels. 84 The upgrading of pyrolysis vapours is pioneered in the late 1980's and early 1990's. [85] [86] [87] [88] [89] It was demonstrated that the pyrolysis vapours are very reactive with Brønsted acidic ZSM-5 zeolites forming aromatics, both mono-and poly-aromatics. 84, [86] [87] [88] [89] [90] [91] [92] [93] Especially the group of Huber extensively studied the potential of Brønsted acidic zeolites in upgrading pyrolysis products. They integrated the zeolite catalysed upgrading step in the pyrolysis process (i.e. CFP). During this process, the pyrolysis is carried out in the direct presence of the zeolite catalyst, which leads to a more intense contact between substrate and zeolite catalyst, resulting in a much higher zeolite impact compared to catalytic upgrading of pyrolysis vapours. Yet, a major disadvantage of CFP is the higher cokes deposition on the catalyst, leading to faster catalyst deactivation. Therefore, proper catalyst selection by optimal tuning of the catalyst pore structure and active sites, adjustments where zeolite catalysts are well suited for, is necessary to reduce the cokes and increase the aromatics yield. It was shown that both the Brønsted acidic sites as well as the presence of a crystalline pore structure are prerequisites for aromatics production from carbohydrate feedstocks. 94, 95 Whereas ZSM-5 yields over 30% aromatics, USY and beta mainly produce cokes, indicating the importance of the specific pore structure of ZSM-5. 15, 90 These observations are supported by the fact that only medium pore zeolites, with pore sizes between 5.2 and 5.9 Å, selectively produce aromatics, due to an appropriate combination of pore size and cavity dimensions. 91 In contrast, small pore zeolites produce mainly oxygenates and cokes as the diffusion of reactants and products is strongly hindered. Despite of the faster reactant diffusion in large pore zeolites, these zeolites are also not well suited as the large pores allow formation of poly-aromatics due to the lack of reactant/ transition state confinement (see Concept 4 for more details about shape-selectivity).
Compared to cracking of fossil fuels, biomass cracking requires not only breaking of C-C bonds but also a considerable amount of C-O bonds. This change in substrate composition also translates into a switch of the optimal Si/Al needed, with higher Si/Al ratios for biomass cracking. C-O bonds have lower dissociation energies, so they do not need zeolites with high acid density or acid strength. Where typical fossil fuel cracking catalysts show the highest activity for Si/Al in the range of 5-8, 92 the highest activity in biomass cracking can be found around 15. 93 Such medium Si/Al zeolites show the best balance between availability of Brønsted acid sites on the one hand and maintaining enough space between the Brønsted acid sites to prevent side reactions on the other hand.
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A major obstacle during pyrolysis is catalyst deactivation due to cokes deposition induced by the high oxygen content of the substrate. 85 Moreover, it has been suggested that the cokes formed during pyrolysis are mainly attributed to the presence of lignin. 94, 95 Therefore, removal of lignin prior to pyrolysis or more selective pyrolysis approaches with lignin will reduce the cokes formation. Yet, specific research about CFP of lignin is limited, [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] therefore, deeper insight in pyrolysis of lignin towards gasoline range products or petrochemicals like toluene, phenol or benzene will be a capital gain for CFP of biomass in general. As cokes are also an issue in zeolite catalysis in petrochemistry, reactor set-ups used in commercial refinery plants can provide ideas to enhance the regeneration capacity of zeolites in pyrolysis of biomass. The optimal manner to study the regeneration capacity is operating at continuous mode or in line connected set-ups. Only a few studies already addressed this problem. For example, for zeolites ZSM-5 and USY, a 3 h steady state operation in a circulating fluid bed reactor, consisting of a riser reactor, fluid bed regenerator and a stripper was proposed. 106 Another idea is a bubbling fluidised bed reactor with on-stream addition and removal of spray-dried zeolite catalyst. When the CFP of pine wood with ZSM-5 was studied in this set-up, it was possible to maintain a constant aromatics yield of 16% over an extended reaction period of 6 h.
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Liquid phase catalytic conversion of sugar-derived compounds
Besides the thermochemical conversion of biomass, chemocatalytic conversion is a promising strategy as it enables, in contrast to pyrolysis, targeting one single product or a narrow range of products. Chemocatalytic conversions of biomass are mostly liquid phase processes which is a major difference with the gas phase processes in crude oil refining and upgrading of pyrolysis products. This leads to several new challenges, including the (until recently) unknown behaviour of zeolites in hot liquid water (HLW), tackling the low stability of some targeted oxygen-rich products, as well as gaining more insight on the exact nature of the active sites of zeolites in aqueous conditions. Due to the manifold use of zeolites in gas phase processes, the dynamics and stability of the catalytic sites under such conditions are well-known. [108] [109] [110] [111] The nature of the sites directly determines the intrinsic strength of the sites. Brønsted acid sites are highly polarised hydroxyl groups, while Lewis acid sites are coordinatively unsaturated cationic sites accepting electron pairs of guest molecules. 112 Yet, when these active sites are surrounded by polar molecules (e.g. condensed water) complex equilibria between the surface groups of the zeolite and the solvent molecules occur. Solvent molecules may react with Lewis acid sites generating Brønsted acidic sites. 113 Besides, when surface hydroxyl groups ionize as Brønsted acids or bases, altered reactivity of surface sites can be observed. 113 Zeolites have already shown potential in various Brønsted acidic reactions in condensed phase. A well-known example hereof is the dehydration of sugars towards platform molecules like 5-hydroxymethylfurfural (5-HMF) ( Fig. 2 and Scheme 2). 314, 315 Sugar dehydration has already been studied for nearly two centuries. The first reports date from 1840, 114 but the major breakthrough came at the end of the 19th century, when the synthesis of 5-HMF, the dehydration product of glucose and fructose, was firstly described. Dehydration of pentoses, like xylose, into furfural was first described half a century later. 115 In the subsequent decades, there was an ever increasing interest in the dehydration of sugars. 18, [116] [117] [118] Only since 1990, zeolites were implemented in dehydration reactions of sugars. However, the obtained 5-HMF yields with zeolites, mainly zeolite Y and ZSM-5, are low, generally between 10 and 25%. [119] [120] [121] The low yields are mainly rooted in the instability of the highly oxygenated molecules (both sugars, intermediates as end-products) at high temperatures and in acidic conditions, especially in aqueous media. For example, 5-HMF is prone to consecutive transformations into levulinic acid and formic acid, 2,5-dimethylfuran (2,5-DMF) ( Fig. 2 and Scheme 2) or to cross-polarizations towards coloured soluble polymers and insoluble humins. [122] [123] [124] Alternatively to aqueous media, non-aqueous systems were proposed. However, also the use of these latter solvents has several drawbacks such as tough process conditions (in the case of high boiling solvents like DMSO 123, 125 ) or consecutive reactions when low-molecular weight alcohols are used; for example, in ethanol, 126 119, [127] [128] [129] Yet, poly-fructans are much more expensive than cellulose or starch. As a solution, the Brønsted acidic dehydration can be preceded by the Lewis acidic isomerisation of glucose to fructose (the latter will be discussed in more detail in Concept 2). In this process, glucose or cellulose can be used as feedstock but thanks to the Lewis acid catalysed isomerisation step, the more difficult dehydration of glucose is evaded. For the dehydration step, mostly mineral acids, e.g. HCl, are used. 149 Later, fully heterogeneous systems, with a solid Brønsted acid catalyst, were described. 126, 152 As stated before, 5-HMF is very prone to undergo side reactions. One of these side reactions is the rehydration and rearrangement towards levulinic acid ( Fig. 2 and Scheme 2). However, this rehydration step is not necessarily undesirable as levulinic acid [153] [154] [155] and its hydrogenated product gammavalerolactone [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] can serve as platform molecules. Soluble acids and commercial resins have already been applied for the selective production of levulinic acid, however, with little success. 125 Recently, zeolites were proposed as 5-HMF can be trapped in the pores and cages where it can be further converted into levulinic acid by the strong Brønsted acidity of the zeolite. [173] [174] [175] Yet, starting from C 6 sugars entails the production of one molecule of formic acid with every formed molecule of levulinic acid. Therefore, using C 5 sugars like xylose, or consequently furfural, can serve as a valuable alternative as it represents a higher atom economy due to the preservation of all carbon atoms, although a hydrogenation step is needed (Scheme 3). This route was recently explored with furfuryl alcohol, the hydrogenated product of furfural, towards ethyl levulinate over a series of sulphonated polystyrene resins and zeolites. While the ion-exchange resins show the highest performances, zeolites demonstrate to have much better regeneration capacities 176 which may indicate the higher potential of zeolites for this reaction provided that their performances increase. 176 5-HMF can also be transformed into 2,5-dimethyl furan (2,5-DMF; Fig. 2 ), a possible feedstock for the production of p-xylene, a precursor for terephthalic acid and consequently PET. Via a [4+2] cycloaddition of ethylene and 2,5-DMF followed by subsequent dehydration, p-xylene can be formed over zeolite Y or beta (Scheme 4). [177] [178] [179] [180] [181] [182] Hereof, zeolite Y exhibits the best performance. 180 The major disadvantage of this process is the requirement of ethylene. Recently, an alternative was proposed whereby acrolein is used instead of ethylene. However, the researchers only obtained moderate yields, indicating that this reaction is not industrially practical on the short term. Nevertheless, further research is desirable as this reaction can be a very valuable and sustainable route to produce p-xylene and derivatives. Acrolein can, for instance, easily be produced from the dehydration of glycerol, 183-187 a readily available by-product of the soap and biodiesel industry. [188] [189] [190] Liquid phase catalytic conversion of lignin
Brønsted acidic zeolites find also gradual entrance in aqueous phase lignin processing. For instance, USY has recently been used in a one-pot depolymerisation and conversion of lignin into value-added aromatic monomers (Fig. 2) . Herewith, aromatic monomer yields up to 60% could be obtained from dealkalined lignin. 191 Similar yields were obtained with ZSM-5.
Unfortunately, the reusability of the USY zeolite catalyst is questionable, as the yield dropped from 60% during a first run to 22% after a third run. This activity drop could be related to the poisoning of the Brønsted acidic sites by Na + present in the lignin substrates. However, even when Na + -free lignin substrates, as for example organosolv lignin were used, significant activation loss was observed. After a characterisation of the fresh and spent catalyst, the researchers observed also a decreased catalyst crystallinity and changed pore structure induced by the applied reaction conditions, 191 pointing to the importance of zeolite reusability and structural stability in condensed phase reaction conditions (see Concept 6).
Concept 2: Lewis acidity
Zeolites are interesting scaffold structures for hosting Lewis acid properties. In 1983, the discovery of Ti-silicalite-1, a Ti-containing molecular sieve with the MFI topology, opened a new field of catalytic opportunities for zeotypes, as up to this point, the use of zeolites in catalysis has been limited to Brønsted acid reactions. 192 It was found that presence of isolated tetrahedral Ti-species, substituting Si-atoms in the zeolite framework, resulted in Lewis acid sites. Since then, aside from Ti-silicalite-1, several other topologies and metal substitutions have been reported to result in Lewis acidity (Sn, [192] [193] [194] Zr, [195] [196] [197] Hf, 198 V, 199 Nb, 200, 201 Ta 201 ), though the genuine T site substitution of some of them is debated. Furthermore, some extra-framework species (Ga, 202 Al, 203 Zn 204 ) have also been found to result in Lewis acid properties. Whereas use of Lewis acid zeolites in petrochemical applications is somewhat limited by the restricted presence of electron-rich substituents (like carbonyl and alcohol groups) in fossil oils or natural gas, such groups are plentiful in biomolecules. The development and use of Lewis acid zeolite catalysts will therefore be expected to take a bigger role in the bio-based chemistry.
The exact nature of Lewis acid sites in zeolites is a subject of debate. For example in Al-containing zeolites, it is suggested that, next to the EFAL species, some tri-coordinated framework species are a major source of Lewis acidity, 205 and in Sn-zeolites two separate framework species, a fully framework connected (SiO) 4 Sn and a partially hydrated (SiO) 3 SnOH species, are assumed. A high catalytic activity has been attributed to the latter Sn-species, as Sn-OH species or proximate Si-OH groups are assumed to interfere in the reaction mechanism resulting in transition state stabilisation and therefore higher reaction rates. 196, [206] [207] [208] Keeping this in mind, the idea of the most active Lewis acid metal site might therefore be shifting from perfectly incorporated hetero-elements to lower-coordinated metal species with higher site accessibility and higher numbers of possible interaction sites. 209 In this aspect, the emergence of post-synthetic procedures is interesting to mention, as they likely introduce Lewis acid metals into preformed zeolite structures different than the classic hydrothermal synthesis procedures. 36, 37, [210] [211] [212] [213] [214] [215] In comparison with hydrothermal synthesis, lower coordinated metal sites are formed more easily resulting in highly active catalyst materials. 209 But also, there is a relationship between the reaction type and the activity of different sites, isolated Sn sites being required for reactions like sugar isomerisation, while clusters are also very active in reactions like Baeyer-Villiger. 36, 215 In Lewis acid catalysed reactions, apolar and aprotic solvents are often used, as the combination of Lewis acids and protic solvents, like water, result in a significant decrease in catalyst activity. Electron-rich oxygen atoms of water molecules tend to coordinate the Lewis acid sites leading to suppression of the catalytic activity by hindering substrate coordination or even decomposition of the sites. 216, 217 Hydrophobic zeolite structures, which limit the presence of water molecules within its structure, are an elegant solution for performing Lewis acid catalysis in presence of water. One such example is Sn-beta, a silicious beta framework containing small amounts of tetrahedral framework incorporated Sn. The large pore diameter of BEA makes this topology suitable for use in biomass transformations.
Sugar isomerisation
In 2010, the Davis group demonstrated a good activity for Sn-beta in aqueous hexose isomerisation reactions ( Fig. 2 and Scheme 5), an important sub-reaction in various biomass-to-chemicals reaction schemes and industrially relevant in the case of fructose production, where the zeolite (Table 1 , entry 1 and Scheme 5) could replace an enzyme-based process. 218, 219 Detailed characterisation of the Sn-zeolite showed that the active site of the catalytic material is similar to the active cleft of the used xylose isomerase. 220 Besides that, the more robust nature of zeolites, in comparison to enzymes, allows its combination with other catalytic reactions in harsh conditions. The Lewis acidic isomerisation activity, as shown with isotope experiments to proceed via hydride shift, was for instance combined with Brønsted acid catalysts in the direct conversion of glucose to 5-HMF or derivatives (as already discussed in Concept 1). 126, 149, 221 Later, Sn-beta has also been used in the isomerisation and epimerisation of other monosaccharides like galactose, pentoses and trioses, and even disaccharides. 36, [222] [223] [224] It has been recently demonstrated that isolated Sn sites, present in beta zeolites with low Sn content, are the most active sites. 36, 215 Mannose, the epimer of glucose, is a typical by-product in the isomerisation reaction of glucose. But combining a Sn-beta zeolite with sodium borate salts, shifts the selectivity of the isomerisation reaction predominantly to the epimer formation (Table 1 , entry 2 and Scheme 5). 223, 225 Where Sn is responsible for an intramolecular hydride shift in the isomerisation reaction, presence of the borate-monosaccharide complexes shifts the catalytic activity of the metal toward an intramolecular carbon shift in the epimerisation reaction. It was furthermore shown that the epimerisation of sugars can also be achieved by changing the reaction solvent from water to methanol ( DHA and GLY were converted into lactic acid or alkyl lactates (Scheme 6), potential biomass derived platform molecules, 232 when performed in aqueous or alcoholic media, respectively (Fig. 2) . This reaction scheme has been described for various catalysts, both homogeneous as heterogeneous. [233] [234] [235] [236] [237] The importance of Lewis acid catalysis in lactic acid chemistry was recently analysed and reviewed in depth. 2, 232, 238 The multistep mechanism comprises a dehydration of the substrate C 3 -sugar to methyl glyoxal, followed by an addition of a solvent molecule and a hydride shift (Scheme 6). The dehydration reaction is catalysed by Lewis acidity, but it is more efficiently done by Brønsted acid sites, as will be discussed later in the part on multifunctional catalysis. Here, we limit the discussion to purely Lewis acid catalysts. The Lewis acidic Sn zeolites have been described as catalytically active moieties that efficiently catalyses the DHA to lactate transformation. Use of Sn-MFI, 224 Sn-beta, 224, 239, 240 and Sn-MWW 241 has been reported. For Sn-MFI, a high activity was found for reaction in water, yielding lactic acid, but when performing the reaction in methanol, a significantly lower activity was observed Scheme 5 Isomerisation of C 6 sugars with Lewis acidic beta zeolites. due to pore-size restrictions in the MFI structure. 224 For
Sn-beta, which contains larger pores, such restriction was found in methanol nor ethanol and near-quantitative methyl lactate yields could be obtained. 239, 240 Similar results were obtained with Sn-MWW. 241 Next to Sn, various Ga-containing zeolites, synthesised by post-synthetic alkaline-assisted galliation, have been described as efficient catalysts for this conversion whereby FAU-type zeolites were found to show the highest activity.
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Other Lewis acid catalysed reactions DHA, amongst others, has also been used in Sn-beta catalysed C-C-coupling reactions with formaldehyde. The formed product, a-hydroxy-g-butyrolactone ( Fig. 2) , is an important intermediate for the production of pharmaceuticals and herbicides. 243 Other
Lewis acid catalysed C-C coupling examples include the conversion of terpenes. For instance, the transformation of b-pinene to nopol, a precursor to pesticides and perfumes, by an intramolecular Prins reaction with formaldehyde is reported in presence of Sn-beta, as well as the intramolecular cyclisation of citronellal to isopulegol. 244, 245 Terpenes can also be used in other Lewis acid catalysed reactions such as Baeyer-Villiger oxidation of dihydrocarvone with hydrogen peroxide. The nature of the substituted heteroatom governs the chemoselectivity, while Sn-beta produces the corresponding lactone, use of Ti-beta favours the epoxide product. 246 Zr-beta is the Lewis acid zeolite of choice to rearrange b-pinene oxide into myrtanal, which has pharmaceutical uses. 247 These examples nicely illustrate the favourite role of Lewis acid zeolites in the production of various chemicals from natural resources. As most work on Lewis acid catalysed conversions focuses on converting cellulose(-derived) substrates, examples of transformations of lignin-derived molecules into useful chemicals using Lewis acid catalysis are extremely scarce. Recently, Sncontaining Lewis acid zeolites were used to convert cyclohexanone compounds, obtained in high yields from lignin-derived syringols and guaiacols, into their corresponding caprolactone derivatives by Baeyer-Villiger oxidation in presence of Sn-beta with aqueous H 2 O 2 as oxidant. Such lactones may be useful in the synthesis of various novel polymers. 248 
Concept 3: multifunctional zeolite designs
Reaction schemes for transforming raw biomass and biomass derived platform molecules into chemicals and fuels often exist of a cascade of reactions. If the different reaction steps require identical sites, one catalyst type can be used. 198, 221, 243, 249, 250 One example is the Sn catalysed conversion of sucrose into methyl lactate. A cascade of isomerisation, retro-aldol, dehydration and H-shift sub-reactions are needed to complete this transformation, all catalysed by the same catalytic site. 251 Other examples are the Lewis acid catalysed sequential transfer hydrogenation and etherification of 5-HMF to 2,5-bis(alkoxymethyl)-furan, a useful diesel additive 221 and the one-step synthesis of butadiene from ethanol with Zr-incorporated zeolites. 252 As the latter allows the production of green polybutadiene, many researchers are looking for novel catalysts. [253] [254] [255] [256] Critical reaction steps in the cascade to butadiene are the C-C bond formation and a Meerwein-Pondorf-Verley step, both being catalysed by the Lewis acid Zr site. 252 However, usually different active sites are required in the sequence of reactions. Basically three approaches can be discerned: the use of multiple catalytic systems in series, multiple catalysts in one-pot or a one-pot reaction with different active sites on one material (Fig. 6) . The former can be considered when the intermediates are appropriately stable and have potential value themselves. 152, 257 Moreover, it could be the preferred technique when the different reaction steps require reaction conditions which are not compatible. With this approach, the temperature and pressure can be optimally tuned for each active site individually. On the other hand, when the reaction conditions of the different steps are more or less compatible, the use of different catalysts in one-pot (Fig. 6b ) could be the approach of choice, as it does not require separation of the catalysts and intermediates after every reaction step. This is for example illustrated for the one-pot conversion of hemicellulose-derived furfural in gamma-valerolactone ( Fig. 2 and Scheme 7) in the absence of H 2 . While the Lewis acidity of Zr-beta catalyses a transfer hydrogenation of furfural with 2-butanol solvent to form furfuryl alcohol, it is the Brønsted acidity of an Al-MFI nanosheet zeolite that converts it further to levulinic acid. Next, the latter undergoes a second Lewis acid catalysed transfer hydrogenation into 4-hydroxypentanoate which is finally followed by a cyclisation to gamma-valerolactone (Scheme 7). 258 As the used mild reaction conditions (120 1C) are compatible with those used in hemicellulose hydrolysis and dehydration towards furfural, this approach can potentially be extended towards the raw feedstock leading to an ultimate example of the elegancy of multifunctional catalysed biomass processing. 
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Multifunctional catalysis with sugar(-derived) compounds
Systems with multiple catalyst materials in one-pot are only successful when the intermediates are relatively stable molecules. When the intermediates are very reactive molecules, which is often the case with biomass, catalysis by multifunctional materials, i.e. different active sites on one material (Fig. 6c) , might be a better choice. Zeolites are interesting materials to organise such a close vicinity of different catalytically active sites. Proceeding the entire cascade in the pores of the zeolite, therefore, usually leads to higher product yields. Synergistic effects between the different sites have recently been identified in such multifunctional designs. 259 Site-ratio balancing though is the major challenge and requires sufficient insight in the kinetics of the underlying reaction network. Several examples were reported using the multifunctional catalysis concept. A first example combines the two types of acidity in a single material for the direct conversion of trioses, GLY and DHA, into alkyl lactates (Fig. 2) . Though the reaction was successfully catalysed with the Lewis acid Sn-beta (see Concept 2), 240, 251 it was demonstrated that dehydration of the triose molecule to methyl glyoxal, the first step in the cascade mechanism (Scheme 6), is rate determining. As such dehydration is more accelerated by Brønsted acid sites, a Sn-beta containing tetrahedral Brønsted acid Al 3+ sites was synthesised by a two-step post-synthetic procedure. 260 Increasing Al contents indeed fastened the overall reaction. A clear contribution of the two sites was observed: the Sn active site catalyses the hydride shift of methyl glyoxal to lactate, while the Al 3+ active site efficiently accelerates the formation of methyl glyoxal from DHA. A good balance of both sites, in this example corresponding to a molar Sn to Al ratio of 2, is important to combine a high reaction rate with excellent selectivity. In contrast to the multifunctional Al/Sn-beta zeolite, use of a physical mixture of Sn-beta and Al-beta catalysts showed modest lactate yield. Another example favouring multifunctional catalysis with Al/Sn-beta describes the conversion of cortalcerone, enzymatically produced from glucose, over furyl glyoxal hydrate into furyl glycolic acid. Similarly, Brønsted acid catalysed dehydration is nicely combined with Lewis acid catalysed intra-molecular hydride shift. 261 Incorporation of heteroatoms is not always required to create multifunctional acid zeolites. Lewis-Brønsted acid zeolites may for instance be produced by classic steaming of the parent Al-containing zeolite. USY zeolites for instance have been found to be very active in the conversion of trioses to lactate, especially the ones with a high content of extra-framework Lewis acid Al sites, 236, 237 though their stability in hot liquid water is questionable (see Concept 6). 262, 263 Steam-treated Al-beta also outperforms the parent material when used in sugar cascade reactions for producing 5-HMF, the introduced Lewis acidity being responsible for fastening glucose to fructose reaction. 264 Besides the one-pot Lewis-Brønsted catalysis, other elegant multifunctional designs combine redox and Lewis acid catalysis. Recently, Pt catalysed oxidation of biodiesel waste glycerol to DHA, followed by a Sn Lewis acid catalysed conversion to lactic acid was described (Fig. 2 and Scheme 8) . 265 The highest substrate conversion rates were found when the two sites were residing on the same material (TOF 0.07 vs. 1.95 for Pt/AC with Sn-MFI and Pt/Sn-MFI respectively). A substantially faster conversion of trioses to lactic acid after adsorption of the Pt nanoparticles was invoked to explain the observed difference between both zeolite topologies.
As already mentioned before, the choice of a multifunctional catalyst, rather than performing reactions with multiple catalysts, is most advised when the intermediate products are too reactive. A good example is the reductive splitting of carbohydrate polymers into sugar alcohols ( Fig. 2 and Scheme 9). Since biopolymers like (hemi)cellulose are resistant to chemocatalytic conversion, fast hydrolysis is only possible when applying harsh reaction conditions with temperatures above 150 1C and/or in presence of substantial acid quantities. As the hydrolysate compounds, like glucose, are too reactive under these severe conditions 312, 313 and degrade into caramel and tars, a second catalytic function is introduced to reductively stabilize the sugars into hexitols like sorbitol and sorbitans. The first systematic studies about this process were done by Russian researchers more than 50 years ago. 266 With noble metals on charcoal in acidic media, high hexitol yields were obtained. 266, 267 A few decades later, this catalytic system was translated into a completely heterogeneous system by replacing the mineral acid by a heterogeneous acid catalyst loaded with ruthenium particles. 268 However, due to sintering of the metal particles, the lifetime of the catalyst was limited. This problem was solved when a patent appeared about Ru/H-USY catalysts, showing high hexitol selectivities from starch on the long-term. 269 This system was later adopted for the conversion of the more recalcitrant cellulose. Herewith, hexitols could be obtained with nearly quantitative yields for multiple consecutive runs. 262, 270 Ball-milling, to create reactive cellulose, as well as the addition of minute amounts of HCl, in order to facilitate cellulose solubilisation, seemed to be important for high activities. Scheme 9 represents the reaction network. Unsoluble cellulose is firstly hydrolysed into soluble cello-oligomers by the hydrolysing action of hot water and the minute amounts of mineral acid. Remarkably, it was found that also the zeolite can assist during this first step, indicating the appearance of solidsolid interactions between Brønsted acid sites of the zeolite and large cellulose polymers. 262 Once small enough, the cellooligomers are rapidly hydrolysed to glucose in the pores of the zeolite by the Brønsted acidic sites and hydrogenated to sorbitol by Ru nanoparticles (Scheme 9). A major obstacle for long-term catalysis seems the loss of Ru dispersion and not the zeolite stability. 17, 262, [271] [272] [273] [274] The latter will be discussed into more depth in Concept 6. A few research groups now have developed a similar bifunctional catalytic system for converting cellulose into sugar alcohols such as Pt promoted Ni-beta, 275 Ni on ZSM-5 276, 277 and Ru or Ir on beta, 278 but so far the hexitol yield of Ru/H-USY remained unsurpassed.
Critical to obtain high sugar alcohol selectivities is working at an optimal balance between the two catalytic sites (Fig. 7) . When the Brønsted acidity is too dominant, selectivity loss through thermal and acid degradation of sugars will occur (Scheme 9 and Fig. 7) . [279] [280] [281] However, when the amount of active metal species is too high, typical metal catalysed hydrogenolysis products will be formed, like ethylene glycol, 1,2-propanediol, glycerol and other C 4 and C 5 polyol isomers (Scheme 9 and Fig. 7) . 279, 281, 282 So, highly selective formation of platform chemicals directly from sugar polymers requires working on a thin balance between both catalytic functions. Such balance is, due to the very reactive nature of many biomass-derived chemicals, of utmost importance in biomass sequences. Note that balancing of active sites is not a new phenomenon resulting from biomass processing as it can also be retrieved in traditional oil refineries. During hydrocracking the balance between the amount and strength of hydrogenation (noble metals) and cracking activity (acid sites) of the catalysts determines the product distribution. For instance, strong acidic zeolites in combination with moderate hydrogenation activity yields especially gasoline and lighter products, while weak acidic zeolites with a strong hydrogenation catalyst leads to the formation of high middle-distillates. 283 Basically the same exercise can be done with other sugar polymers like hemicellulose. However, up to now, the reductive splitting of hemicellulose fractions from lignocellulosic feedstock is somewhat overlooked. Yet, the valorisation of the hemicellulose fraction is important in view of the economics of a commercial biorefinery. The few reports in literature focus mainly on arabinogalactan. [284] [285] [286] [287] [288] In principle, it seems reasonable to expect that the hydrolytic hydrogenation of hemicellulose will be much easier, thanks to the less recalcitrant nature of the feedstock, though literature only reports sugar alcohol yields as high as 20 to 25% with Ru loaded beta and USY zeolites.
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Multifunctional catalysis with lignin-derived compounds
Bifunctional metal-loaded zeolites are also reported as catalysts for the conversion of biomass to high-quality drop-in biofuels, for instance for the conversion of carbohydrate-derived compounds to alkanes. [289] [290] [291] [292] [293] [294] As mentioned earlier, pyrolysis of biomass is negatively affected by the presence of lignin (see Concept 1). The removal of lignin prior to pyrolysis could therefore be necessary to improve the CFP selectivity. Besides, lignin is a current waste product in the pulp and paper industry and in second generation bioethanol biorefineries where it is mainly burned for energy recuperation. The search for valuable lignin valorisation routes has recently been considered as highly important in view of the economics of the biorefinery. 25, [295] [296] [297] Recently, a cost profit of about 30%, providing that lignin is converted to value-added chemicals like phenolic monomers and oligomers, was showed. 298 In order to produce fuels from lignin, the phenolic monomers can be converted to alkanes (mono-and bicycloalkanes) or aromatics over bifunctional metal-loaded zeolites, like Pt on H-Y, H-beta or H-ZSM-5, [299] [300] [301] Pd/H-beta, 302 Ni/H-ZSM-5 [303] [304] [305] [306] and Ru/H-ZSM-5, 307 or over a combination of a redox catalyst and a zeolite, like Pd/C and H-ZSM-5 308 or La/H-beta. 309 These transformations involve a series of reactions like hydrolysis, Fig. 7 Influence of the balance between redox (black sites) and Brønsted (red) sites on the hexitol selectivity during hydrolytic hydrogenation of cellulose. 302, 309 In this way, the phenolic monomers can thus be converted to both light (monocycloalkanes, C 6 -C 9 ) as well as heavier (bicycloalkanes, C 12 -C 18 ) hydrocarbon fuels. Lignin can also directly be converted to hydrocarbons over bifunctional metal-loaded zeolites like Ni/H-ZSM-5 and Ni/H-beta. 310 Hydrocarbon yields up to 70% can be obtained, with monocycloalkanes being the main products. Also in this case, Ni/H-beta shows a higher selectivity for bicycloalkanes than Ni-H-ZSM-5.
Multifunctional catalysis with triglyceride-based compounds
Another nice example of the use of biomass for biofuels production using bifunctional zeolites comprises the conversion of triglycerides and/or derivatives towards products in the range of diesel and aviation fuels. 78, 79, [311] [312] [313] [314] [315] [316] [317] [318] [319] [320] [321] [322] [323] Hydrogenolysis and deoxygenation are carried out on the highly dispersed metal function, whereas the combined action with acid sites of the zeolite enables the hydro-isomerisation and hydro-cracking of the formed long-chain alkanes. Both for diesel and aviation fuel, isomerisation to branched alkanes is necessary to meet demanded cold-flow properties. Cracking to shorter-chain alkanes on the other hand is only desired when aviation fuel is aimed for. The carbenium ion intermediate formed upon dehydrogenation (metal site) and protonation (acid site) either can be isomerised and again hydrogenated or cracked. Therefore, similar to the earlier described reductive splitting of cellulose, the metal/acid site balance is a crucial parameter of these bifunctional zeolitebased catalysts. In general, moderate acidic supports combined with an optimised, sufficiently high metal/acid balance favours isomerisation, whereas more acidic supports or non-optimal metal loadings enhance the degree of cracking towards the aviation fuel range. 
Concept 4: shape-selectivity
The concept of shape-selectivity was introduced in 1960 by researchers from Mobil, who observed exceptional micropore size-dependent catalytic performance in the cracking of decane and the dehydration of butanols. 31, 324, 325 Ever since, this concept has had a tremendous impact on the design of new catalytic processes in petrochemistry and refining. In its most basic form, shape-selectivity can be defined as a deviation, induced by constraints on molecular motion or product formation, from the product distribution obtained in absence of spatial constraint. 326, 327 Generally, the three most basic types of shape-selectivity, i.e. reactant type, transition-state and product type shape selectivity, visually explained in Fig. 8b , can be described by a well-defined shape-selective factor S, being larger than 1 when shape-selective effects are present (Fig. 8a) . 326 Over the years, other shape-selective effects have been documented, but these are often case-specific (such as the window and nest effects 328 ). A related, somewhat more general concept is that of molecular traffic control, 329 based on the fact that reactant molecules may enter through one type of pore, while products diffuse out of the other, intersecting pores. The oldest mention of shape-selectivity in biomass conversion is the direct conversion of rubber latex, corn oil and other oils over H-ZSM-5. 330 The latter famous example of product-type shape-selectivity is based on the fact that the largest hydrocarbon pool intermediates are not able to diffuse out of the crystal while the gasoline-type (boiling point ca. 70-140 1C) compounds can. 331 In recent years, this process is being exploited in the petrochemical industry to convert alcohols into olefins by using, instead of the 10 membered-ring (MR) ZSM-5 micropores, smaller 8 MR molecular sieves, such as SAPO-34 or SSZ-13. 332,333 Nowadays, shapeselective effects can to some extent be found in all areas of biomass conversion where zeolites have been put forward, but they are most present and highly important in CFP (see Concept 1 for more details). In other areas, such as the upgrading of bio-derived platform molecules via specific processes, examples are limited to the observation of diffusion limitations for larger reactants, that can be used to steer the selectivity in favour of smaller reactants with zeolite catalysis. A reactant-type of shape selectivity was recently reported in the form of the hydrogenation of triacylglycerols (TAG) over Pt/Na-ZSM-5. 334 In this case, the preferred reactant was the central fatty acid chain of the triglyceride (sn-2), as explained by a pore mouth adsorption in tuning fork configuration. In addition, the enhanced affinity of more polar chains for the polar MFI pore mouths leads to a selective hydrogenation to the monounsaturated level and reduced amounts of saturated products. Therefore, an intermediately melting TAG product with desirable physical properties for applications was obtained. 335 Furthermore, the shape-selective properties of MFI induce a preferred hydrogenation of the slimmer trans-configured unsaturated fatty acids over cis-isomers, allowing the selective removal of undesired trans-isomers. 334 As a result, the obtained high-oleic and low-trans hydrogenated product is beneficial from a nutritional point of view, but also for bio-lubricant applications. Interestingly, the selective hydrogenation of trans-isomers on Pt/Na-ZSM-5 was proven by sorption experiments with fatty acid methyl esters (FAMEs). 336 Other examples of shape-selectivity in biomass conversions can be found in the upgrading of bio-derived platform molecules. Shape-selective zeolite based conversions in this field are somewhat different than what is known from petrochemistry due to the often different reaction phase. Reactions discriminating between substrates with large size differences can be found in condensed phase resulting in reactant-type shape selectivity. The latter is exemplified by the absence of hexose isomerisation over Sn-MFI 337 or Ti-MFI 338 as compared to its active isomerisation to fructose over Sn-beta 338 (or mannose 220, 226 Recently a novel process for facilitating the production of the biodegradable plastic polylactic acid (PLA) itself, also based on shape-selective zeolite catalysis, 340 was presented. A large bottleneck in PLA production is the time-, energy-, and carboninefficient synthesis of lactide, the actual building block for the ring-opening polymerisation. The current route for making lactide (Scheme 10) involves a two-step procedure, with formation of an intermediate pre-polymer, due to the absence of selectivity control for lactide during condensation from concentrated lactic acid solutions. The two-step route also induces racemisation due to the severe conditions and the use of metals. 232 Using concentrated lactic acid (9-18 wt% with respect to the solvent) in a refluxing aromatic solvent with phase-settler for water removal, the use of a H-beta zeolite (Si/Al 12.5) allows lactide yields of over 80% in less than an hour, with short lactyl oligomers as only side-products. Key here is the restricted formation of larger oligomers in the pores of the zeolite, resembling the characteristics of transition-state shape-selectivity. Mesoporous, macroporous or soluble acid catalysts mainly produce (long) oligomers instead of lactide, while H-beta forms lactide with 98% purity without racemisation. Since this zeolite could be reused 6 times without structural changes, this pioneering example of shape-selectivity in bioplastics production offers the promise of a zero-waste process for lactide synthesis. 340 Another example of transition-state selectivity control was recently given for the conversion of tetrose sugars to C 4 -a-hydroxy esters, similar to lactic acid. A direct relationship was found between the catalyst pore sizes and product distribution. Here, the mesoporous Sn-MCM-41, Sn-SBA-15 and soluble SnCl 4 Á5H 2 O strongly prefer the formation of the more bulky methyl-4-methoxy-2-hydroxybutanoate, whereas the microporous Sn-beta significantly favours the production of the smaller methyl vinyl glycolate.
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The shape-selective properties of a specific zeolite can be altered by changing the accessibility of the active site. This was for example demonstrated by narrowing the pore mouth of ZSM-5 by chemical liquid deposition of tetraethyl-orthosilicate. 16 The obtained catalyst was applied in the Diels-Alder conversion of 2-methylfuran with propylene into xylenes 16 (a variation on the reaction presented in Scheme 4), where a selectivity increase of the para-form from 32 to 96% could be realised. In the conversion of lignin-derived phenolic monomers to alkanes over metal-loaded zeolites, the shape-selective properties of zeolites are also used to tune the product selectivity (see Concept 3). When using a zeolite with small pores, like H-ZSM-5, mainly monocycloalkanes are obtained, 299, 303, 304, 310 while zeolites with larger pores, like H-beta or H-Y, 299, 302, 309, 310 can selectively yield bicycloalkanes (see Concept 3).
Concept 5: hierarchical zeolites
The narrow micropores of zeolites enable several key properties as described in previous parts of this review. However, they also imply access and diffusion limitations (Fig. 9) . [342] [343] [344] [345] [346] [347] [348] [349] [350] [351] As a result, the class of hierarchical (mesoporous) zeolites was conceived, coupling a secondary level of porosity to the intrinsic zeolitic micropores. The hierarchically structured porosity facilitates diffusion inside the zeolite crystal and enlarges the number of closely accessible active sites. This relatively novel type of zeolites has attained promising results in a vast variety of petrochemical reactions. 352 Since biomass related reactions often comprise substantially larger molecules than those derived from fossil fuels, the potential of hierarchical zeolites may be even larger.
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Scheme 10 Shape-selective zeolite catalysed process 340 for lactide (and PLA) production compared to the classic route. Nowadays, a large variety of bottom-up and top-down strategies have been developed to enable the formation of hierarchical zeolites. 346, 353 Especially, top-down post-synthetic modifications have shown promise as they are highly efficient, tuneable, scalable, and enable to prepare any zeolite to its hierarchical form. 349, 351 Moreover, it was recently demonstrated that these methods also enable to control the economic and environmental footprint of the synthetic protocol, increase reactor productivity, recycle waste streams, prevent the combustion of organic compounds, and minimize separation efforts. 354 These synthetic aspects are often overlooked, but play a critical role, particularly regarding the importance of maintaining a green fingerprint in the valorisation of biomass. The most abundant zeolite catalyst used today (primarily in FCC) comprises the faujasite family, and more specifically the siliceous USY variants. Commercial USY zeolites comprise a 3D network of 12 MR micropores (0.74 nm). Although the micropores are relatively large, it was demonstrated that many petrochemical conversions occur predominately on the external surface, 342, 343, 345, 347, 348, 351 emphasizing the potential of their hierarchical analogues. Taking into account the abundance of USY zeolites and their organic-free hydrothermal synthesis, their hierarchical form can be considered as an ideal sustainable catalyst for biomass related conversions. 354 Since conventional USYs are prepared by steaming and acid leaching of Y zeolites, bottom-up strategies cannot be used to prepare their hierarchical analogues. Moreover, the faujasite family has proven to be a highly illustrative case study, 262, 355 due to the counterintuitive stability of faujasites in the liquid phase compared to the well-known gas phase (see Concept 6) . The variety of post-synthetic modifications protocols that have been reported is quite substantial, 262, 342, 343, 345, 347, 348, 351, [354] [355] [356] and are recently summarised. 357 Although each has a certain advantage, it is important that both the individual steps as the synthesis sequence of steps should be optimised. A good example hereof is the synthesis of hierarchical Y zeolites, requiring an optimised sequence of acid-base-acid treatments. 355 In addition, to enable a true rational design of zeolite catalysts, solid synthesis-property-function relationships should be established (Fig. 10) . Therefore, systematic synthetic efforts must be combined with in-depth characterisation of all zeolitic and nonzeolite properties, and subsequently be correlated to the catalytic performance. A large part of biomass conversion relies on the breaking down of bulky polymers into (mixtures of) basic molecules and/or processing the latter in order to obtain high-value endproducts. In both cases, access limitations could be dominant, particularly when dealing with bulky substrates. Accordingly, the enhanced external surface and/or the improved diffusion rate in the zeolite crystal should yield strong activity benefits, as observed for hydrolysis of (hemi)cellulose, 262 A higher accessibility to the active sites may also lead to a better diffusion of products out of the crystal, resulting in a decreased contact time of products with the active sites. Therefore, due to the lower susceptibility towards secondary reactions, selectivity enhancements can be obtained, as observed in the isomerisation of n-alkanes. 366 Also for biomass conversions, this advantage has led to higher yields of the preferred products, i.e. reducing sugars after hydrolysis of hemicellulose 358 or primary isomers after conjugation of safflower oil and a-pinene. 356 Particularly, in reactions that can involve acid catalysed breaking of bonds, the hierarchical porosity should prove a powerful tool to steer the degree of cracking to the desired fraction and to control the amount of unwanted by-products. These advantages were already observed for vacuum gasoil cracking using hierarchical USY faujasites 365, 367 and hierarchical mordenites, 368 but also apply to biomass conversion. During the upgrading of bio-oils by catalytic cracking with desilicated Y zeolite (Fig. 2) , the selectivity to primary cracking and deoxygenation products is increased, while the selectivity to aromatic hydrocarbons is decreased due to a lower probability for secondary oligomerisation, cyclisation and hydrogen transfer reactions. 369 Also in catalytic pyrolysis of biomass (model) compounds, Fig. 9 Schematic representation of access and transport/diffusion limitations in conventional and hierarchical zeolites. The orange spheres represent molecules that suffer from single-file diffusion. The secondary porosity enhances the number of pore mouths to diffuse in and out of, as well as the diffusion properties within the pores (indicated by the green spheres). In the latter case, the introduction of external surface often leads to enhanced selectivity (in for example cracking 365 or isomerisation 366 ). The red dots represent bulky molecules which can only react on pore mouths. hierarchical zeolites have already proven their value, resulting in high-quality bio-oils and/or lower coke yields. 359, 361, 370 Furthermore, conversion of the resulting biomass pyrolysis vapours to C 8 and C 9 mono-aromatics was enhanced by mesopore introduction in ZSM-5.
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A particular important factor in the conversion of biomass is the catalyst lifetime, which could be limited due to the formation of cokes, possibly blocking zeolite pores. Hierarchisation of zeolites can offer a solution to improve this lifetime. Whereas the larger external surface prone to coking gives a slower deactivation of the active sites, the lower retention time of products in the micropores could also lead to less secondary coke product formation. A better catalytic stability is reported for bio-oil upgrading with hierarchical zeolites, 361, 372 whereas a lower amount of formed and/or deposited coke was reported in the isomerisation of a-pinene 356 and CFP of lignocellulose.
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Concept 6: zeolite stability
A shift from gas to liquid phase reactions has important consequences for the stability of the used catalysts. Common industrial catalysts are typically developed for gas phase processes. When such catalysts are used in liquid phase reactions, several issues emerge to the stability of these heterogeneous catalysts. [373] [374] [375] The liquid solvent can irreversibly deactivate the catalyst by hydrolysing the catalyst or its support, inducing leaching of catalyst elements or sintering of metal particles. A second possible issue is deactivation by reaction products or reactants, for example when acids or bases are formed or used. Therefore, besides activity and selectivity also a thorough assessment of catalyst stability is needed under relevant biomass processing conditions. When the stability of zeolites is taken into account, it is important to define the exact nature of the treatment conditions. Traditionally, the stability of zeolites is based on their stability in the gas phase (steam stability). However, with the increasing importance for liquid phase processes and the use of zeolites at different pH, the traditional concept of zeolite stability becomes extremely relative (vide infra), and needs to be refined. Fig. 11 represents a flow chart of the different conditions where zeolites can be used. The first distinction is the phase of the medium (gas vs. liquid phase). Zeolites are commonly used in gas phase processes containing H 2 O (hydrothermal gas phase, also known as steaming) as well as in the absence of H 2 O (thermal gas phase). Condensed conditions however, can be divided into atmospheric (P = 1 atm) and super atmospheric (P 4 1 atm) pressure. Both cases are dealing with liquid water but super atmospheric conditions (also known as HLW) implies processes at temperatures above the boiling point of water (under elevated pressure), while atmospheric conditions limits the processes under 100 1C (atmospheric liquid water, ALW). Finally, both can also be further specified based on the pH (alkaline, neutral or acidic).
Extensive knowledge of the stability of zeolites is mostly restricted to their synthesis conditions and post-synthetic modifications. For example, comprehensive knowledge of zeolite stability in basic HLW during zeolite synthesis is extremely important as the synthesis of the desired metastable zeolite should be interrupted at the appropriate time to prevent the formation of undesirable more dense phases. 110, [376] [377] [378] [379] The stability of zeolites in ALW (at alkaline or acidic conditions) is well-known from post-synthetic modification strategies, and were recently generalised based on the relative abundance of charge-balancing counter cations (CBCC). 380, 381 As shown in Fig. 12 , high-silica zeolites containing low amounts of CBCC, are unstable at basic conditions due to the high sensitivity of Si-O-Si bonds to base catalysed hydrolysis. 380, 381 On the other hand, zeolites with a high amount of CBCC, offer better resistance to alkaline conditions but are relatively unstable at low pH as Si-O-Al bonds are very sensitive to acid catalysed hydrolysis (Fig. 12) . 380, 381 However, the behaviour of zeolites in neutral or acidic HLW is relatively unknown.
Stability of zeolites in acidic HLW
Especially in the case of sugar transformations, the use of zeolites in acidic HLW gains importance as some interesting sugar derived chemicals, like lactic acid and levulinic acid, are (weak) organic acids. When these products are targeted or used as platform chemical, the reaction medium is, dependent on the concentration, slightly to strongly acidified which may have implications on the stability of the used catalysts. For example, irreversible framework damage could be observed during the USY catalysed conversion of DHA into alkyl lactates and lactic acid (Scheme 6). 236 Especially in water, with formation of lactic acid, the USY zeolite is strongly affected by severe loss of pore volume, surface area and acidity. In contrast, when the reaction is performed in methanol (with methyl lactate as end-product) only minor zeolite deterioration could be observed. 236 Further research demonstrated that the formed (lactic) acid was the main cause of the zeolite degradation with selective dealumination, in line with Fig. 12 , leading to a decreased acidity. 212, 236 The same could be observed when zeolite-supported metalcatalysts were used for the hydrogenation of levulinic acid. In this case, ZSM-5 and especially beta show gradual deactivation caused by structure degradation in 2-ethylhexanoic acid. 382 The organic acid induces the conversion of Brønsted acid sites into Lewis acid sites, besides an overall decrease in the amount of Al.
Similar behaviour was observed when the reaction is performed in neat levulinic acid but, as the corrosive agent (levulinic acid) disappears upon reaction, the degradation is less pronounced. 382 However, when the solvent is changed from organic acids to dioxane, no structural changes could be observed. 382, 383 These studies show that Al-rich zeolites have potential for reactions with organic acids in aqueous phase when low acid concentrations and temperatures are applied. Otherwise, working in alcoholic media (with the consequent formation of the alkyl esters) or in other non-corrosive solvents shows little problems.
Stability of zeolites in neutral HLW
Besides acidified HLW at 100-150 1C, zeolites are more and more used in neutral HLW at higher temperatures (150-250 1C) . Due to the absence of a corrosive agent (like an acid), these conditions seem less stringent. However, in practice, the stability of zeolites under these conditions appears to be less evident than supposed. This is rooted in the dissociation equilibrium of H 2 O (eqn (1)):
where K eq is the equilibrium constant and a refers to the activity of H 3 O + and OH
À
. At atmospheric pressure and room temperature, this constant equals 10
À14 . Yet, when the temperature increases, the K eq increases from 10 À14 at 25 1C till 10 À11 above 300 1C. 384 This change does not only have a severe influence on the catalysis, but also on the catalyst structure. 262, 374, 385 Due to the higher concentration of protons and hydroxyls, surface functional groups are attacked more frequently, leading to a dramatic change in the catalytic performance of these materials. 262 Early investigations have already shown that the behaviour of zeolites in HLW is remarkable different with that under steaming conditions. While steaming at 200 1C has minor influence on the zeolite integrity, 111 treatment in HLW at the same temperature shows tremendous changes in zeolite structure and properties. 262, 263 Recently, it was shown that degradation of zeolite Y in neutral, and even in slightly acidified, HLW mostly occurs through hydrolysis of Si-O-Si bonds, 262, 263, 386 initiated at silanol defects. [386] [387] [388] This is in sharp contrast with dealumination, the dominant phenomenon under steaming. [108] [109] [110] [111] So, the stability of zeolites in HLW resembles more the stability trends observed in alkaline ALW than those observed under steaming conditions, which are on their turn quite similar to the trends at acidic ALW (Fig. 12) . 262 The HLW stability is strongly dependent on the zeolite topology. For example, there is a dependency between the framework stability of a zeolite and the framework density. 389 Zeolites with high framework densities, like MOR and MFI, are relatively stable up to 250 1C, while topologies with low density (BEA and especially FAU) undergo already extensive transformations at 150 1C and are largely transformed into an amorphous silicaalumina after a treatment at 200 1C. 263, 389 Within one topology, the nature of the CBCC greatly influences the stability. Up to now, this is only systematically studied for high CBCC zeolites, such as X and A, showing an increasing HLW stability by increasing base strength of the metal hydroxide. [390] [391] [392] This was rationalised by the assumption that a stronger base counteracts more efficiently the structure degradation. 391 This explanation assumed that, just like in steam, the main degradation mechanism of zeolites in HLW is Si-O-Al hydrolysis. 391 However, as mentioned above, the main degradation method in HLW resembles more the degradation pathway in alkaline ALW, namely Si-O-Si hydrolysis, than dealumination under steaming conditions. 262 Further investigations elucidating the exact influence of the nature of the CBCC on the HLW stability can clarify this issue. Yet, when the purpose is to use zeolites in Brønsted acid catalysed reactions, one is restricted to the use of zeolites in their protonic form or at least in a mixed form with protons as one of the CBCC. Therefore, several research groups studied in more detail the potential of H-USY in HLW. All investigated H-USY zeolites degraded to an extent depending on the Si/Al ratio. 262 USY zeolites with a high Si/Al ratio transform within 2 to 6 hours into completely amorphous materials which have lost nearly all micropores and Brønsted acid sites. On the other hand, USY zeolites with intermediate Si/Al ratios degrade at a slower rate due to the presence of the Al centres which counteract the hydrolysis of framework bonds. 262, 263 Another indication for the stabilizing nature of aluminium was observed when salts, like NaCl, were added to the treatment medium. As the presence of these salts enhances the hydrolysis of Si-O-Al bonds, the zeolite stability was significantly affected in a negative sense. 393 These observations show that the most stable zeolites during hydrothermal/steam treatment, extensively dealuminated USY zeolites, are the least stable in HLW. From this point of view, the name 'ultra-stable Y zeolite' (USY) is an unsuitable name as it is not the most stable Y zeolite under all conditions. Yet, throughout this paper we have used 'USY' for clarity.
Recently, it was demonstrated that not only the amount of aluminium but also its location and nature is of particular interest. 262 Improving the HLW stability of zeolites
The stabilizing role of EFAl provides a suitable tool to tailor the stability of zeolites under HLW conditions by, for example, realuminating the surface of (extensively) dealuminated USY zeolites. [395] [396] [397] An alkaline alumination method was suggested whereby two consecutive steps are involved to form aluminosilicate species at the outer surface. First, the alkaline conditions lead to a partial dissolution of the zeolite, afterward these dissolved silicon species precipitate with the externally added aluminate on the zeolite surface. 395, 396 The success rate is very sensitive to the extent of alkalinity during the modification process. If the solution is too alkaline, the zeolite dissolves completely, while a too low alkaline medium leads to insufficient aluminate concentrations for total coverage of the zeolite surface. 395, 396 During this assessment only the zeolite structure after treatment at intermediate temperatures (150-160 1C) was studied, while the catalytic active sites were not taken into account. Further research is needed to investigate the potential of such realuminated zeolites as Brønsted acid catalysts in liquid water at high(er) temperatures. Strikingly, the (re)alumination process is also crucial in the synthesis of hierarchical zeolites by base treatment in aqueous solutions. 398, 399 Therefore, it is likely that stabilisation and mesopore formation can be executed simultaneously. Another option to prevent extensive degradation of high silica zeolites, is to limit the contact of the zeolite with water. A common strategy therefore is increasing the hydrophobicity of the material. 400 Increasing the Si/Al ratio, so decreasing the Al content, is an effective method to increase the zeolite hydrophobicity. Yet, when Al is eliminated from the framework, Brønsted acid sites are immolated, which is detrimental for the use of these catalysts in Brønsted acid catalysed reactions. Besides, it was demonstrated that high silica USY zeolites are unstable in HLW, despite the higher hydrophobicity. 262, 263 A better way to improve the hydrophobicity of a zeolite is by functionalizing the surface with hydrophobic species to increase the water repulsion. 400 For example, by modifying high silica H-USY zeolites with organosilanes, USY zeolites with hydrophobic surfaces are created. 401, 402 The chloro ligands in the alkyltrichlorosilanes react with the surface OH groups of the zeolite. 401 Due to the higher hydrophobicity, these modified zeolites retain a high fraction of their micropore volume and crystallinity after recycling, showing an enhanced stability compared to non-functionalised high silica USY zeolites. 401, 402 The economic feasibility of the method is likely the next challenge before such modified catalyst can be used in industrial applications.
Conclusions and perspectives
Besides their pivotal role in crude oil refining, zeolites can potentially also play an important role in biomass conversions based on the high similarity between these two. Both conversions require the degradation and transformation of a complex feedstock towards useful components. However, based on the higher oxygen content of biomass compared to crude oil, there are also some major differences affecting the valorisation (Fig. 13) . First, where crude oil refining is mostly a gas phase process, biomass conversions take mainly place in condensed phase, mostly aqueous media, which has major implications on the stability of the catalysts. Common industrial zeolite catalysts are mainly designed to withstand gas phase processes, which does not necessarily mean that they also endure in aqueous conditions. The latter becomes particularly relevant when the stability of metal particles in zeolites is considered. 17, 262, [271] [272] [273] [274] Fig . 13 Schematic overview of the challenges arising from the shift from crude oil towards biomass feedstock.
By further establishing the stability mechanisms of the zeolite catalysts in aqueous phase conditions, stable zeolites may be designed with simple procedures, which are essential for industrial processes.
Despite the success of Brønsted acidic zeolites in biomass valorisation, the exact nature of the active site in polar aqueous solutions is still vague. Due to the polar solvent molecules the intrinsic nature of the acid sites can be altered by solvation effects. Deeper insight in this matter may be accompanied by progress of the development of Brønsted acidic catalysts used in aqueous conditions. In comparison with petrorefinery, Lewis acid catalysis will play a much more important role in biorefineries. The numerous examples of Lewis acid catalysed biomass conversions indicate the potential of these pathways for the valorisation of biomass. Moreover, the limited knowledge on the nature of these Lewis acid sites indicates the room for improvements.
Due to the reactive nature of biomass derivatives, it is in some specific cases preferred to use basic sites instead of acidic ones. For example, basic catalysts have much lower deactivation tendencies and consequently higher yields in the aldol condensation of aldehydes. 403 Traditionally, basicity was introduced in zeolites by ion-exchange of CBCC with alkali metals, such as caesium. [404] [405] [406] As the basicity of these zeolites correlates with the aluminium content of the zeolite and the size of the alkali metal cations, mostly high aluminium zeolites were loaded with consequently high amounts of alkali metals. 407 Due to diffusion constraints, a particularly large part of the introduced metal cations are not used resulting in modest activities while having high cost per actually used basic site. New approaches to synthesize active but less expensive basic zeolites are explored. For example, by a mild base treatment of silicon-rich zeolites, Na + -stabilised deprotonated silanol groups are created as base centers. 360, 408 However, the susceptibility of silicon-rich zeolites towards dissolution and amorphisation under basic conditions, as used during the synthesis procedure, poses severe challenges to the aforementioned method. Alternatively, alcoholic solvents can be used for the generation of basic sites, avoiding the alkaline degradation of the zeolites during synthesis. 403 Also, an acidic method was reported to produce alkaline-earth loaded (Mg, Ca, Sr or Ba) silicalite-1 showing basic properties. 409 Recently, acid-base pairs in Lewis acidic zeolites (Hf-, Sn-and Zr-beta) were described. 209, 410 Such materials are suggested as highly effective catalysts for the crossaldol condensation of aromatic aldehydes with acetone. 410 The zeolitic metal center polarizes the carbonyl group of the aldehyde allowing the framework oxygen, bound to the metal atom, to act as a base and abstracting the a-proton. Hereby, a silanol group and a metal enolate are created, whereby the latter rapidly undergoes C-C coupling with other aldehydes. Such type of catalysts are extremely elegant as they remain active in the presence of water and in acidic solutions. Especially the latter is important as minute amounts of acids, such as acetic acid, are ubiquitous in biomass processing. Due to the low stability of some high-oxygenated components, it may be necessary to convert these products immediately to more stable ones. Therefore, strategic combinations of the active sites is essential, in which the amount and strength of the present functions must be optimally balanced. Moreover, as this balance is in some cases very thin, it is recommended that all active sites are easily accessible for the reactants. When the active sites of one of the catalytic functions are, for example, significant less accessible, the ratio between both catalytic functions is drifted away from the optimal point resulting in an excess of the other catalytic function(s) leading to unwanted side reactions.
Although hierarchical zeolites haven been firmly established in classical petrochemical conversions, enhancing the accessibility of active sites by increasing the external surface may not always lead to an enhanced catalytic performance in biomassrelated conversions. This should be largely due to the more polar feedstock and solvents. For example, the high polarity may hamper the desorption of a formed product. The latter, particularly in combination with relative mild reaction conditions, may lead to a saturation of the zeolite's micropores with products, ultimately ceasing all catalytic activity. In this case, the use of sweeping agents may be of use to 'free' the zeolite's porosity and maintain catalytic activity. Only then, with the catalytic cycle optimised, can the full potential of the zeolite be addressed using secondary porosity. This principle was recently demonstrated in the zeolite catalysed dealkylation of alkylphenols derived from lignin. 411 In this case, co-feeding of steam enabled to remove phenol from the ZSM-5 catalyst enabling highly selective and stable formation of phenol and olefins for several days with time on stream. The use of biomass instead of fossil fuels is seen as a more sustainable approach to produce chemicals and fuels. However, it is also important to study the sustainability of synthetic aspects in zeolite-based catalysts as this is often overlooked. For example, application of Sn-beta zeolites is hampered by a time-consuming (up to 40 days) and environmentally unfriendly (use of HF) synthesis procedure. The last years however, new protocols are described to synthesize Sn-beta in shorter synthesis times [33] [34] [35] or by using post-processing procedures on commercially available beta. [36] [37] [38] The concept of shape-selectivity could be exploited more thoroughly in biomass conversion. Especially in the conversion of platform molecules to fuels and chemicals via specific processes, zeolite confinement effects could be beneficial. Actually, less examples are identified in biomass conversion compared to petrochemistry. This may be due to the more divergent nature of the biomass conversion products, rooted in the more functional nature of the starting feedstock. In CFP, shapeselective effects have been exploited in more depth, and have in fact proven crucial. Exciting progress based on transferring this original petrochemical concept has been achieved recently. 16 Not surprisingly, the targeted products in these processes are less functionalised, often aromatic, petrochemical(-like) molecules.
It should be stressed that, when doubt arises on the recognition of shape-selective effects, the universal shape-selectivity factor, as defined by Weisz, can offer solution (Fig. 8) . 326 In contrast to the early work on shape-selectivity, which was developed for gas phase catalysis, the conversion of biomass compounds in liquid phase might lead to the recognition of different types of or induce unknown complexities in shape-selectivity. It is important to note that the origin of common shape-selective patterns are sometimes not yet fully understood. Whether they originate from thermodynamic reasons of adsorption 327 or rather from pure steric constraints on molecular motion or product formation 326, 412 often remains an open question. Biorefineries may only be competitive with crude oil refineries when the entire entity of the feedstock is used. In other words, it is important to develop valorisation paths for every incoming stream (cellulose, hemicellulose, lignin, triglycerides, turpentine, amino acids etc.) to minimise the amount of feedstock that will end as waste or is burned off. In addition, the role of the pretreatment is often overlooked (or avoided by using model compounds) in biomass research. 413 Nevertheless, the use of industrial feedstocks often requires some specific changes to the used catalysts. Therefore, integrating industrial feedstocks in the designed lab-scale processes is, from an industrial point of view, at least as important as the catalytic process itself. The catalytic applicability of zeolites in various biomass processes is, in the academic context, often performed in batch reaction systems. Thereby catalyst deactivation by cokes deposition is not critically addressed. Here, testing in line linked set-ups or even better in continuous mode is necessary and will give a better insight in the process design or in the feasibility to scale-up for industrial use. For example, due to the high oxygen content of biomass and the lower stability of the intermediates, severe coking may occur. Inventive reactor set-ups, where inspiration can be derived from petrochemistry, could give a solution.
Biomass components are often solid substrates due to their high oxygen content, which hampers the interaction with solid catalysts. This may lead to low space-time yields, by, for example, relatively high catalyst-substrate ratios, occasionally up to 1 or 2. Finding alternatives to increase the interaction between the catalyst and the substrate may be crucial in decreasing this ratio. To this end, it is important, instead of focusing merely on the catalytic process, to pay more attention to the engineering part of the process.
Research and development of catalysts does not end when active and selective powder catalysts are developed. Besides the upscaling of the process itself, another important hurdle should be taken, namely the transformation of a research catalyst to an industrial catalyst. Such industrial catalysts contain, besides the active phase, multiple additives to provide desired physical, chemical and mechanical properties. This is exemplified by FCC catalysts, where around 10 wt% of the industrial catalyst may constitute the active phase (USY zeolite). [414] [415] [416] [417] [418] [419] [420] The other 90% comprises binders, catalyst matrix, fillers and other additives. 10 Some of these components, like silica-alumina materials, also exercise a catalytic role by pre-cracking the large oil molecules which facilitates the diffusion towards the active phase. As biomolecules are also bulky molecules, the use of an active pre-cracking matrix, whether or not preceded by a thermal/chemical pretreatment step, may be an essential element for an industrial biorefinery catalyst. However, literature about the composition of industrial (biorefinery) catalysts remains rare. 421 Also here, the abovementioned differences between both feedstocks will lead to important alterations pertaining to FCC catalysts. There is, for example, less need to design catalysts with active components for the removal of traces of N and S, while hydrogenation of double bonds and/or deoxygenation will be largely in focus.
